In recent years, a great deal of interest has been focused on the development of novel atomic force microscopy (AFM)-based methods. From first being an unstable method, AFM has emerged as the perfect tool for the study of phenomena at the nanoscale, which includes quantitative single molecule studies. Numerous novel AFM methods play a crucial role in the invention of novel drugs, their delivery systems, based on either polymers or inorganic/metallic matrices, and in the examination of disease-related tissue changes. Such contemporary progressive studies are a perfect example of interdisciplinary research, which results in exemplary findings and discoveries. This review focuses especially on the literature published in the last decade; however the most important earlier discoveries are also included.
Introduction

Surface properties of solid pharmaceutical forms
The surface properties of solid pharmaceutical dosage forms, which have a major influence on the final pharmaceutical product and therefore its use, are determined during preformulation and formulation studies. In the course of evaluating pharmaceutical formulations, the respective components can exhibit significantly different properties. Furthermore, the measured properties can be locally specific and therefore do not truly represent the bulk properties of the whole system. Several characterisation methods also rely on averaging, making measured properties not appropriate for describing the separate components. Such component-specific information is crucial for predicting final product performance, enabling a thorough understanding of the overall bulk properties, and can only be obtained when measurements are performed separately at several representative points on the surface and are analysed as separate entities. Finally, the statistical validity of such measurements is of utter importance, permitting a thorough understanding of the examined materials [1, 2] .
While the European Pharmacopeia prescribes several tests that are important for pharmaceutical formulations safety and quality, several other important physicochemical properties arising due to interactions between the components comprised in the pharmaceutical formulation contribute to the final product properties and therefore require attention [3, 4] . The surface roughness, grain size, polymorphism, and surface energy of standalone components and interaction among them are just some of the surface characteristics that may significantly influence the bioavailability of the built-in active ingredient and consequently its efficiency [5] . Although various wellknown methods are being used for the local characterisation of pharmaceutical formulations (electron microscopy, contact angle measurement, thermal analysis, x-ray powder diffraction, and others), none of them is able to evaluate the regionally specific properties in a complete and reliable way. At the moment, atomic force microscopy (AFM) is the most well-known alternative for thorough qualitative and quantitative evaluation of pharmaceutical formulations with regard to surface properties that can affect the final formulation characteristics. In addition, AFM is the only available technique with the capability to measure interactions in the pN range, which makes it one of the most important tools for in biomedicine.
About the technique
The AFM technique was introduced in 1986 by Binning, Quate, and Gerber with the intention of overcoming the drawbacks of its predecessor, the scanning tunnelling microscope (STM) [6, 7] . The most prominent upgrades are the capability of AFM to also measure non-conductive samples and to measure the surface topography of samples at sub-nanometer resolution [8] .
A schematic representation of the basic AFM set-up is shown in Fig. 1a . When using AFM a tip attached to a flexible cantilever moves across the sample surface, measuring the surface morphology on the atomic scale. The force between the tip and the sample is measured during scanning, by monitoring the deflection of the cantilever [11] .
The force between the sample and the tip
In order to understand the mechanisms behind the interacting components in a pharmaceutical formulation all the contributing forces must be taken into account. This is especially important when a quantitative analysis of the interaction is required, as in the case of interactions between biological macromolecules [12] . The forces between the tip and the substrate have short-and long-range contributions. When measurements are performed, it is crucial to separate the contributions of various forces and to eliminate the undesired ones. This ensures the measurement of only the desired sample properties and makes further quantitative analysis possible [13, 14] . At room conditions, water moisture can condense on the tip, which is a source of capillary force. As the capillary forces are relatively strong and can cover the contributions of other forces, they have to be avoided if possible. This is possible by measuring in special water-free conditions, such as in a N2 or Ar atmosphere.
To represent forces on the atomic level, different potentials corresponding to changes of potential energy at various particle positions are used. Known empirical models used to illustrate chemical bonds include the Lennard-Jones and Morse potentials [9] . These models quite satisfactorily fit the force regime curve shown in Fig. 1b , which represents the course of the tip-sample interaction. Nevertheless, these models are not always applicable due to experimental limitations such as sample contamination and to many contributions to the measured interaction [9] .
Special AFM modes
Many different variations of the basic AFM set-up have been introduced over the years of its use. Although most of them are applicable to all types of samples, not all yield the same amount and quality of results for all experimental set-ups. Proper use of these versatile measurement variations enables one to study and understand processes even at the molecular level [15, 16] .
Contact mode.
Contact mode was the first known AFM mode. Here, the tip moves across the surface and deflects according to its Fig. 1 . Atomic force microscopy. a) Schematic presentation of AFM; b) Force regimes governing AFM measurement (this image was drawn considering the explanation in [9] and was partially reproduced from [10] ).
profile (Fig. 2a) . Two types of contact mode measurements are known, the constant force mode and the constant height mode. In the constant force mode, a feedback loop is used to move the sample or the tip up and down and keep its deflection constant. The value of z-movement (z is height) is equal to the height changes in the surface of the sample. The result of such measurement is information about the surface topography. Since the tip is in constant contact with the surface, significant frictional forces appear, which can destroy or sweep soft samples, such as polymers or biological macromolecules on the surface [18] . Such an approach was mostly used for examining surfaces of solid pharmaceutical formulations [19, 20] . When small forces are used, this mode can also be used for surface topography imaging of fixed cells [21, 22] .
The other type of contact mode AFM measurement is based on a constant height, but the forces change. In this case, the cantilever deflection is measured directly and the deflection force on the tip is used to calculate the distance from the surface. Since no feedback loop is required for this type of measurement, it is appropriate for quick scans of samples with small height differences (if height differences are large, the tip will very likely crash onto the surface, resulting in either it being destroyed or in it damaging the sample surface). With this type of measurement, atomic resolution is achieved at low temperatures and in a high vacuum. Such measurements are often used for quick examination of fast changes in biological structures [15, 23, 24] .
Non-contact mode.
In non-contact mode, the sample's surface is investigated using big spring constant cantilevers. The tip hovers very close to the surface (approximately 5-10 nm distant). It never comes into contact with it, hence the name non-contact mode (Fig. 2b) . A major advantage of this mode is the negligible frictional forces, making it capable of measuring biological samples without altering their surface, as well as its speed. The major drawbacks of this mode are the low lateral-and z-resolution when compared to contact mode. Recently, it was used for a thorough examination of specific regions of cell surfaces [25] [26] [27] and for the characterisation of single polymer chains [28, 29] .
Lateral force microscopy.
In lateral force microscopy (LFM), an AFM is used to measure the frictional forces on the surface. Instead of the z-deflection, the lateral deflection is measured. This measurement requires more robust tips and cantilevers that are not destroyed in the event of high frictional forces, which are common in such measurements. LFM enables the determination of the regions on the substrate surface with lower or greater friction. Data obtained in the measurement of lateral forces is composed of actual frictional forces and the influence of the height change of the sample (Fig. 2c in 2d) . In order to acquire appropriate friction information, the contributions of lateral forces and sample topography are measured and the latter is computationally subtracted from the total data. The resulting image shows the contribution of the surface friction only. Such an approach is especially useful for samples exhibiting multicomponent (not layer-by-layer) surface coatings, such as in eroding drug delivery systems, as it can reveal the regions of different materials in the coating [30] . Appropriate release studies combined with LFM information can be a basis for development of controlled release dosage forms [31, 32] .
Force modulation.
In force modulation, repulsive forces between the sample and the tip are used to investigate the sample properties. In this mode, the AFM tip has to be coated with materials that exhibit repulsive forces with the sample surface (for this purpose, the sample is also sputtered or coated in certain cases). The tip is then oscillated at a high frequency, and moved to a distance at which the repulsive forces act. Such experimental set-up allows high resolution, non-destructive topography measurements. If some additional approximations, e.g. in relation to the homogeneity of the materials and an inert tip surface are considered, the force versus distance curves can be measured. Sample elasticity can be calculated by using different theoretical models [9] . Such measurements are especially interesting for multicomponent coatings, because local variations can be calculated as well [33] [34] [35] . A schematic representation of the force modulation mode is shown in Fig. 3a. 
Phase imaging.
In phase mode imaging, the phase shift of the cantilever oscillation is compared to the driving signal (Fig. 3b) . This difference is shown in a separate image window in most conventional AFMs. Different samples exhibit various interactions with the AFM tip and hence the corresponding phase shift is altered. The sample properties that are influenced by the interactions with the AFM tip include friction, adhesion and high elasticity. Use of this , where the frictional forces appear on the cantilever due to different materials and different surface shapes, respectively. Images a), b), c), and d) were drawn after the explanation in [17] and partially reproduced with permission from [10] .
mode is sometimes the only way to show differences between local regions on the sample [37, 38] . In pharmaceutical sciences, this mode is very useful for the examination of the consistency of the outer coatings of solid pharmaceutical formulations and for exposing cracks and other degradation features [39] [40] [41] .
Amplitude modulation mode or dynamic force mode.
Developed based on the non-contact mode, this mode is often also called the intermittent-contact or tapping mode. It eliminates the major weaknesses of the non-contact mode, such as the low lateral resolution and z-resolution. Instead of hovering above the sample, the cantilever vibrates above the surface and moves through the force gradient above the surface, during which it might momentarily touch the surface [42] . Due to interactions of the AFM tip with the sample surface, the amplitude of vibrations decreases and a phase shift occurs (Fig. 4a) . One of these parameters may be chosen (amplitude or phase shift) and kept constant through the feedback loop by moving either the sample or the tip in the z-direction. This provides information about the surface topography, similar to the contact mode. In order to measure in the amplitude modulation mode, much stiffer cantilevers are needed, which exhibit the smallest possible damping factors (this factor is commonly referred to as the Q-factor) [43, 44] .
Amplitude modulation mode is the most often used AFM mode in biomedical applications due to its high resolution, the nearly nondestructive nature of the imaging, and its applicability in air and also in liquid conditions [45, 46] . Many researchers have used this technique to clarify or confirm their results and to show highresolution images of their samples, which in bio-related sciences is often the only way to prove their claims [47, 48] .
For the last couple of years, many researchers have been trying to explore the material characteristics even further by using the amplitude modulation mode while introducing multi-frequency measurements [49] . Since improving the spatial resolution, data acquisition times, and imaging of material properties are perennial goals in amplitude modulation AFM, multi-frequency measurements seem to be very promising for future research in biomedicine [50, 51] . At present, the best results were gathered by exciting and detecting several frequencies of the tip oscillation. These frequencies are usually associated with either the higher harmonics of the oscillation or the Eigen modes of the cantilever [52, 53] . The most recent studies using the mentioned approach include, e.g., the mapping of the nanomechanical properties of living cells [54] [55] [56] .
Force spectroscopy.
Upon contact with the sample surface, the tip experiences a force, which is monitored as a change in the deflection of the cantilever [6] . This force is a function of the tipsample separation and the material properties of the tip and the sample and can be used to investigate the characteristics of the sample, the tip, or the medium in between [57] . The AFM force measurement procedure for gathering force curves is schematically depicted in Fig. 4b .
In addition to determining interaction forces between the tip and different (mostly model) surfaces, AFM can also produce twodimensional chemical affinity maps by modifying the cantilever tip with specific molecules [58] . Such tip modifications enable the characterisation of differently responding regions on the material surface, resulting in a better understanding and, consequently, application of the examined materials [59] . In this way even quantitative data Fig. 3 . Force modulation mode. a) the working principle of the force modulation mode (parts of this image were reproduced with the permission of C. Roduit [36] ) and b) a schematic representation of the phase imaging mode (this image was prepared in light of the explanation in [17] ). Fig. 4 . Amplitude modulation mode. a) a schematic representation of the amplitude modulation mode and b) a typical force curve. When approaching the surface, the cantilever is in an equilibrium position (1) and the curve is flat. As the tip approaches the surface (2), the cantilever is pushed up to the surface -being deflected upwards, which is seen as a sharp increase in the measured force (3) . Once the tip starts retracting, the deflection starts to decrease and passes its equilibrium position at (4). Moving away from the surface, the tip snaps in due to interaction with the surface and the cantilever is deflected downwards (5) . Once the tip-sample interactions are terminated due to increased distance, the tip snaps out and returns to its equilibrium position (6) . Parts of the images were reproduced from [10] .
can be gathered, which can be used to identify the forces involved in the specific biological systems [60] [61] [62] .
Mapping the functional groups and examining their interactions with different materials is of significant importance for problems ranging from lubrication and adhesion to the recognition of biological systems and other biomedical applications [15, [63] [64] [65] . Changing the environmental conditions during the measurement has also been used extensively to monitor changes in the interactions among different functional groups and surfaces to simulate the behaviour of the materials upon exposure to a real environment [4, 59, 66] .
Nowadays, the ultimate use of AFM is for single-molecule recognition, which can be achieved by applying force spectroscopy. Although the study of single molecules by AFM started several years ago [67] , breakthrough discoveries have only been made recently [68] [69] [70] [71] [72] .
The recent advancement of AFM force spectroscopy has allowed the introduction of single molecule force measurements, e.g. different biological macromolecules like chitosan, RNA, and monoclonal antibodies [60, [73] [74] [75] [76] .
Examples of AFM use in drug discovery and development
Several reports point out the applicability of AFM and its different modes in different areas of pharmaceutical research biomedicine and biophysics [12, 39, 77] . To demonstrate actual proof of the unprecedented features of AFM, which are right at the limit of experimental capabilities, we have structured the novel research reports into several sub-sections with regard to the emphasis of the research possibilities.
Drug discovery
In recent years, numerous research articles regarding drug discovery through use of AFM have appeared [12, 78, 79] . The unique ability of AFM to provide structural information about molecules at the single molecule level enables thorough study of their behaviour at simulated physiological conditions [79] .
The search for novel drug targets
Edwardson and Henderson reviewed the possibilities to use AFM for the study of novel drug targets, such as proteins ( Fig. 5 shows the possible effect of novel drug candidates on a chosen membrane protein) and DNA and the folding of modular proteins using single molecule force spectroscopy [79, 80] .
AFM-based drug discovery is possible either by testing the interactions of drugs with model receptors, or by testing the contact of the novel drug candidate with target cell membranes, which often pose an impenetrable barrier for them [81, 82] . Such drugs often require the use of costly delivery systems. Alternatively, novel candidates can be studied on carefully designed model systems, which can indicate the actual potential of the respective drugs prior to costly pre-formulation [83] . Peetla et al. discussed the importance of the use of different model membranes and the biophysical study of drugmembrane interactions in drug discovery. They mentioned AFM as one of the possible benchmark methods for successful "fishing" for appropriate drug candidates, which need to pass such lipid membranes. Additionally, they pointed out the significance of these interactions and the interactions of a model membrane with nanocarriers upon the incorporation of potent drugs [84] . In Fig. 6 , clear morphological changes on model membranes can be observed, following interaction with nanoparticles.
There is no evolution and progress without proper development and monitoring of the latest technological advancements in any scientific field. The latter is especially true in drug discovery, where several new nano-and micro-technological advancements are pushing the boundaries of the applicability of new drugs [12, 78, 85] . The progress in AFM development and the addition of several new modes have already proven the usability of AFM for the identification and examination of drug candidates and the development of new delivery technologies [12] . Both are often required to transform biological potential into medical reality, thus contributing to the acceleration of the drug discovery and formulation development process [12] .
The classic therapeutic design involves combinatorial chemistry and system biology-based molecular synthesis, aided by bulk pharmacological assays. To increase the efficiency of therapeutic discovery and delivery, one should understand the therapeuticeffector interactions and their cell and tissue responses at the molecular level [12] . Lal et al. reviewed recent advances in the use of multidimensional scanning probe techniques, especially AFM for drug discovery [86] . Multidimensional AFM introduces simultaneous measurement at different tip oscillations (often referred to as higher harmonics). Each of these higher harmonics can yield different information with regard to the sample characteristics by which the final measurement output becomes even more thorough and conclusive [86] [87] [88] . This was evident in the research paper of La et al., where multidimensional AFM measurement for defining targets was used for designing therapeutics and monitoring their efficacy [12] .
Identification of species
Many diseases evolve as a consequence of unwanted morphological changes in healthy tissue. The identification of species in the body causing disease-related symptoms and the response of the human body to these changes are crucial parameters for a successful struggle against disease or for the development of effective cures. AFM has proven to be one of our best shots in the identification of disease-related structural changes [78, 89] . Legleiter et al. used ex situ AFM to gain insight into the physicochemical processes involving antibody morphology, with important implications for the key factors involved in neurodegenerative changes, as the underlying cause of Alzheimer's disease [89] . In their study, AFM was used to study antibody aggregation, considering the role of the antibody epitope specificity of antibodies as potential inhibitors of fibril formation. Ono et al. reviewed recent developments in the synthesis of molecules that are used to inhibit the formation of α-Synuclein (αS) fibrils as well as the oligomerisation of αS [90] . These molecules were confirmed as small units of protein aggregates in the brain that constitute histopathological features of Parkinson's disease [91] . Although the mechanisms by which these new compounds inhibit the formation of αS fibrils and destabilise already formed fibrils are still unclear, they could represent the future of novel therapeutics for Parkinson's disease, as well as for other neurodegenerative diseases exhibiting similar pathophysiological changes in the brain [89, 92, 93] .
Pharmaceutical technology
The possibility of following different physiological and pharmacological responses in a simulated environment in real time, while changing either the parameters or composition of the liquid medium used, is one of the most important features AFM can deliver [94, 95] . Combining the above-mentioned with quantitative measurement of forces between interacting species, resulting in knowledge about sample hardness, elasticity, miscibility between components, and the degree of aggregation, makes AFM a very valuable addition to the usual set of techniques used in preformulation studies [4, 96] .
Drug delivery
Due to its non-destructive nature, AFM can be used for research of soft systems under various controlled environmental conditions. Such studies can serve as a unique foundation for the in vitro development of novel drug delivery systems [39, 77, 97, 98] . Tumer et al. report on the main use of AFM and its success in progressive drug delivery development. They focus especially on the possible aid of AFM in preformulation and formulation studies [97] .
One of the still unanswered questions regarding the delivery of drugs to and through the skin concerns the particle size limit at which the ability to penetrate the stratum cornea ceases [99] . Prow et al. reviewed recent advances in the use of different nano-and micro-particles for skin drug delivery and also presented some of their unpublished data from clinical studies. AFM was put made the focus of this review because of its ability to evaluate molecular interactions between the particles used and the biological systems that are the basis of understanding the efficiency and possible side effects of skin delivery formulation [99] . The understanding of interactions between nanoparticles and common structures of skin, e.g. furrows, hair follicles, eccrine ducts, etc., is critical to the improvement of percutaneous drug delivery and in the design of skin drug delivery systems, like lipid nanoparticles, as well as dendrimers that exhibit the capacity for customised pharmacokinetics [99, 100] .
Determination of the structural properties of pharmaceutical formulations
Excipient behaviour after exposure to certain environmental conditions during drug production or use is one of the most important characteristics for the pharmaceutical technology and industry [101] [102] [103] . The production of novel formulations depends on obtaining laboratory-scale analyses, which can have a costly outcome, if not conducted properly. Wu et al. used AFM to help identify characteristics of two transition points of trechalose, a commonly used cryo-protectant in lyophilised dosage forms for parenteral application [104] . Their measurements were able to clearly differentiate between the samples' glass transition and the loss of crystallinity. When combined with thermal analysis, such studies could serve as a perfect platform for testing excipient suitability in the mixture for the final formulation [104] . Another related research area where AFM already proved able to explain several final formulation incompatibilities is the study of material miscibility [103] . Lauer et al. studied the possibility of developing a method for predicting the drug/polymer miscibility and stability of solid dispersions using a melt-based mixing method. Their method was developed using a combination of Raman spectroscopy and AFM to differentiate between homogenously and heterogeneously mixed drug/polymer combinations [103] . Knowledge of miscibility is the basis for the preparation of stable formulations and the avoidance of subsequent possible incompatibilities of the final products. Their experimental set-up serves as a great starting point for further AFMbased miscibility evaluation.
Metastable pharmaceutical formulations are often used in pharmaceutical technology due to their very useful characteristics. Solid dispersions are one of the more commonly used formulations to improve the solubility of drugs [105] . The crucial characteristics connected with the final solid dispersion behaviour are mostly the result of the drug crystallite size and the homogeneity of its dispersion through the material. AFM proved very successful in both the imaging of different regions of the solid dispersion and in the determination of crystallite sizes with a high degree of efficiency. The correlation of the latter with dissolution testing was helpful in predicting the dissolution behaviour of solid dispersions made of drugs and different polyethylene glycols (PEGs) [105] . Pegylated surfaces have a long history of use in biomedicine. Although they are part of many drug delivery systems and their general characteristics are already known, additional knowledge of the correlation between their structure and their behaviour in different circumstances is still needed to extend their potential even further [106, 107] . One of the efforts to expand such knowledge was performed by Sant et al. [108] . They confirmed the importance of polymer architecture in determining the surface properties of the final material or product (Fig. 7) and hence the protein binding and cellular interactions of nanoparticles. AFM was also used to show the reduced macrophage uptake of grafted copolymer nanoparticles (NPs) as compared to multiblock copolymer grafted NPs. Although the uptake mechanisms involved could not be fully explained by AFM only, this is a nice indication of how AFM-based studies can be used to gain further insight into material properties [108] .
Amorphous materials, either drugs or excipients, are an interesting form of metastable formulation in different biomedical applications. Mao et al. developed a general method to induce a metastable or amorphous form of an active pharmaceutical ingredient (API) by chemical confinement under high undercooling conditions [109] . In their research, AFM was used to study the produced film structure and morphology related to the changed form and improved characteristics. The results can be used as the basis for explaining the aggregation and deposition of Aspirin® on a model bilayer surface, serving for further development of carrier systems involving the drug and phospholipid bilayers [109] . Using AFM, the authors proved that the advantage of such structures lies in the increased solubility and bioavailability achieved by preparation of a metastable form of API.
Currently, a great deal of interest has been focused on the applicability of several AFM modes in studying specially designed pharmaceutical formulations to address and explore its suitability for improving formulation design [110] [111] [112] . Veerapandian and Yun reviewed AFM applications in pharmaceutical and biopharmaceutical areas with a special emphasis on the investigation of the crystal growth, polymorphism, particles, granules, and coating morphology of the solid dosage form for the optimisation of solid dosage form behaviours [4] . They additionally highlighted in situ biopharmaceutical investigation of cell-macromolecular surface, drug-drug, drug-cell, drug-DNA, DNA-protein, drug-enzyme, and antigen-antibody interactions, as well as the disease mechanisms for a better understanding of the physiological mechanisms associated with disease in order to rationalise drug design and development [4] .
Biophysical examination
This special area of biomedicine addresses the physical aspects of the underlying mechanisms among interacting species occurring between biological species and medicines.
Liao et al. have used AFM nanoindentation to determine hardness, stiffness, and creep in a single measurement for four materials commonly found in medicine in tablet form [20] . The proposed method worked equally well with both soft and hard materials. A similar approach was used by Masterson and Cao, who implemented AFM nanoindentation to evaluate the hardness of the individual particles of various pharmaceutical solids including sucrose, lactose, and ascorbic acid, and the influence of ibuprofen on the measured parameters [96] . Their research was focused especially on the effects of data variation regarding indentation size and peak load on hardness. The results showed acceptable reproducibility and indicated that data variation may appear primarily from the inhomogeneous nature of the samples, pointing out the importance of sample preparation [96, 113, 114] .
Zhang et al. determined the contact adhesion forces between an AFM tip and lactose in an environment with low humidity. This technique can identify the submicron heterogeneity of organic solids in terms of their molecular energy states (such as ordered and disordered lactose) [115] . Another interesting study regarding the excipient lactose was performed by Bunker et al., who electrically charged single particles of lactose by contact mode AFM scanning and verified the increased electrical charge by measuring the difference in the long-range electrostatic forces with force spectroscopy measurements [116] . Such an approach is especially interesting in the case of the preparation of pharmaceutical formulations requiring a mixture of different components to interact with each other, such as in the case of tablets whose final hardness can be significantly affected by shattered interaction forces between different constituents. With regard to formulation testing, AFM can additionally be used as a measure for the determination of segregation processes and their extent in different mixtures and conditions [117, 118] . Duong et al. performed AFM force vs. distance measurements for samples with various amounts of water in the mixture. They tried to determine the correlation between the segregation process and moisture-induced cohesion, which often causes inhomogeneities in pharmaceutical formulations [117] .
The adhesive and cohesive forces and their intertwining in a mixture of a drug and excipients often result in industrial-scale problems in the manufacturing process. The AFM colloid probe technique has emerged as a tool for obtaining a quantitative assessment of the cohesive and adhesive forces and was tested to evaluate the cohesive and adhesive balance within dry powder inhaler formulations containing an active ingredient (budesonide, salbutamol sulphate) and alpha-lactose monohydrate [119] . Begat et al. developed special cohesive-adhesive balance (CAB) graphs to allow a direct comparison of the interaction forces occurring in model carrierbased formulations. Their novel approach could be very interesting for the evaluation of cohesive-adhesive balances in dry powder formulations and for a further understanding of powder behaviour for various mixtures, which is crucial for structure activity relation (SAR) evaluation on a laboratory or industrial scale [119] .
Transport phenomena
The transport phenomena play an important role in the development of drug delivery systems, where the behaviour of the developed materials upon contact with the body fluids plays a major role in their efficiency determination. AFM provides the tools for studying such phenomena with a molecular resolution, while additionally allowing measurements in specially designed liquid environments, simulating physiological ones [77, 120] . Burgos et al. studied how adhesion forces were affecting the surface energy gradients, resulting in directed single molecule diffusion [121] . Such information and its validity could be a novel basis for the development of controlled delivery systems, where the complex and difficult to explain dissolution mechanisms are necessary for successful therapy [122] . An attempt to use the study of transport phenomena to improve drug delivery systems was made by Peetla et al., who studied the role of lipids in drug transport. Lipidrelated drug transport is especially critical in cancer chemotherapy to overcome drug resistance [123] . Biophysical interaction studies on cell membrane lipids might therefore be helpful in improving drug transport and efficacy through drug discovery and/or drug delivery approaches by overcoming the lipid barrier in resistant cells. AFM contributed greatly to this study as it was the main method of surface characterisation before and after the interactions occurred [123] .
One of the most promising uses of force spectroscopy in pharmaceutical physics is its use for interaction mapping among biological species (membranes, proteins, DNA, etc.) with novel or existing pharmaceutical formulations. Jadhav et al. pointed out the role of cell adhesion in diverse biological processes that occur in the dynamic setting of the vasculature, including inflammation and cancer metastasis [124] . Consequently, elucidating the molecular and biophysical nature of cell adhesion requires a multidisciplinary approach combining the synthesis and preparation of in vitro models, with fundamental knowledge of the hydrodynamic flow, molecular kinetics, cell mechanics, and biochemistry [124, 125] . Experimental work at the nanoscale to determine the lifetime, interaction distance, and the strain responses of adhesion receptorligand bonds has been accelerated by the introduction of AFM, combined with the use of biomolecular force probes [126] . Although such research efforts started several years ago, our current knowledge in this area is still far from complete [124, 127] . The progress of such studies is key to the development of mathematical models of cell adhesion that incorporate the appropriate biological, kinetic, and mechanical parameters leading to reliable qualitative or even quantitative predictions, which could increase the success rate of diagnostics and fighting diseases [128] [129] [130] . Jadhav et al. explain multiscale mathematical models which can be employed to predict optimal drug carrier-cell binding through isolated parameter studies and engineering optimisation schemes, which will be essential for developing effective drug carriers for the delivery of therapeutic agents to the afflicted sites of the host [124, 131, 132] .
Bionanotechnology and nanobiotechnology
One of the main reasons for the staggering progress in bionanotechnology and nanobiotechnology in recent years is the introduction of several experimental methods, corroborated by theoretical considerations, into the study of biological phenomena [133] [134] [135] [136] .
Jain explains how several technologies, including the preparation of nanoparticles and nanodevices in the form of nanobiosensors and nanobiochips, may be used to improve drug discovery and development [135] . Novel and upgraded nanoscale assays can contribute not only to more efficient drug discovery, but can also contribute significantly to cost-saving in screening campaigns. Looking at the number of research reports in the field of healthrelated nanotechnology, it is clear that the future prospects for the application of nanotechnology in healthcare and for the development of personalised medicine appear to be promising [135] .
With a special interest on new bioassays, based on technological advancements in recent years, Hong and Root reviewed several new research reports regarding the use of single-molecule assays and evaluated their suitability for drug development. One of the key advantages they pointed out was the small amount of sample needed to perform such studies [137] . Biological samples are often expensive due to their costly production and cleaning procedures. Indeed, only small amounts of the examined material are needed for the preparation of AFM samples. In order to avoid unwanted contaminations of any kind and resulting unusable measurements, strict routines need to be followed [113] . Kada et al. prepared an exemplary review of recent AFM development in various biological sciences, where knowledge of the structure and characteristics at the molecular level can be of utter importance [136] . Some examples of recent advances regarding the visualisation of biological macromolecules and the measurements of molecular recognition forces are shown in Fig. 8 . Probably one of the most impressive additions to the study of biological samples is the combination of AFM with fluorescence microscopy [138, 139] . This might be the future of biological studies at the molecular level.
Bionanotechnology combines nanotechnological advancements with the knowledge of the biological world, where biological macromolecules serve different natural and artificial purposes [140] . Regarding this, Campolongo et al. reviewed the potential of different DNA-based structures and templates that can be used in nanomedicine [141] . The second rise to fame for DNA (the first one was its discovery, isolation, and cracking) was certainly the realisation that its structural characteristics made it a perfect template or even a backbone for the design of several novel and extraordinary nanostructures [142, 143] . These new DNA-based structures have opened a whole new avenue for research towards different polymeric topologies. Such topologies, in turn, possess unique characteristics that translate into specific therapeutic and diagnostic strategies. Study of such phenomena at the nanoscale is only possible by introducing AFM-based techniques into research [141, 144, 145] .
Study of disease-related changes
Diseases lead to various pathophysiological changes in the body, whether these are structural or compositional. Either way, they can ultimately be used as a marker for the early detection of the underlying disease. Therefore researchers often focus their studies on the identification of such markers. Stolz et al. used the indentation type of force microscopy to monitor age-related morphological and biomechanical changes in the hips of normal and osteoarthritic mice [146] . Changes in the micro-and nano-stiffness were observed well before the morphological changes could be detected with the currently used diagnostic methods. Such research is very encouraging for further studies regarding the early detection or even prevention of osteoarthritis [146] . Additionally, it was proven that AFM could be a valuable addition to the early detection of pathological changes that can be observed in tissue, as in the case of physical trauma, burns, etc., or expressed in the structural deformations of certain biomolecules in the human body [147, 148] . The study and understanding of these changes is of utter importance for our knowledge of the physiological mechanisms leading to disease-related symptoms. This would not only allow better symptom treatment, but would also form the basis for successful prevention of the disease overall. Oberhauser et al. used AFM to study the interaction strengths between the different domains of fibronectin, which is a protein comprising up to 15 type III domains [15, 149] . Their research was focused on the assessment of the possibility of detecting conformational changes with force spectroscopy. Force pulling experiments showed that the range of forces required to unfold the weakest and strongest domains ranges between 80 and 200 pN. Moreover, they studied the interconnection between the domains from which the protein is built. It was found that several regions affect the behaviour of the others, indicating a far more complex nature of such proteins, comprising a large number of domains [149] . AFM proved to be suitable for the study of these fine mechanical changes appearing in the quaternary protein structure. Such single molecule studies could hold the key to early detection of conformational changes leading to neurodegenerative diseases, such as Parkinson's or Alzheimer's disease [150] [151] [152] .
Due to its versatile functions in the body and the relative complexity of its structure, fibronectin is an interesting protein for research [153] [154] [155] . Although its main functions are connected mostly with cell adhesion, growth, migration, and differentiation, errors in its expression can lead to severe complications and even cancer [156, 157] . Hill et al. reviewed the use of AFM for imaging of the cell surface and the simultaneous measurement of ligandreceptor interactions on the cell surface, in order to assess fibronectin behaviour [158] .
It was found that AFM not only enables the detection of cell morphology and stiffness, but additionally allows the application of discrete forces to single smooth muscle cells and the observation of subsequent responses, which can serve as a basis for study of complex mechanisms involved in the arteriolar myogenic response (Fig. 9) [158] . The introduction of controlled and localised forces with AFM seems to be a valuable tool for detecting diseaserelated changes in the response of tissue. These changes, either in the protein structure or in the environmentally induced behavioural changes of other species, can be used as an indication of an occurring disease [159, 160] . Various techniques have been used in recent years to characterise the protein misfolding that facilitates the aggregation process, leading to several diseases [161] [162] [163] . Additionally, no real emphasis has been placed on the relation between the conformational transition and the increase in the intermolecular interactions between the constituents of the misfolded proteins. McAllister et al. applied AFM to follow the interaction between protein molecules as a function of pH [164] . They performed interaction mappings for three unrelated and structurally distinct proteins, a-synuclein, amyloid b-peptide (Ab), and lysozyme. It was shown that the attractive force between homologous protein molecules is minimal at physiological pH and increases dramatically at acidic pH. Moreover, they found that the dependence of the pulling forces is sharp, suggesting a pH-dependent conformational transition within the protein. In addition, protein self-assembly into filamentous aggregates studied by AFM imaging was shown to be facilitated at pH values corresponding to the maximum of pulling forces [164] . This work is fundamental for studying the relation between conformational changes in single protein structures in relation to the disease that they cause. There are also other studies relating pH to changes in the behaviour of macromolecules that indicate the potential AFM can have in similar research [165] [166] [167] [168] [169] [170] .
Several methods for the detection of microbial pathogens are commonly known and have been used for decades. Although different improvements have been introduced to these methods, novel technological advancements led to another upsurge, some would even say revolution, of methods for the early detection of pathogens [171, 172] . Kaittanis et al. reviewed some of the possible nanoarrays that use AFM-based methods as the sole method of detecting microbial pathogens [173] . Another potential use of AFM in the detection of pathogens is the use of specifically functionalised AFM tips to detect possible infection even on samples of living tissue [174] .
Receptor-ligand interaction studies
Although the receptor-ligand binding kinetics have been thoroughly studied with different mathematical models, the experimental work is increasingly often performed using different variations of force spectroscopy measurements and combinations of the mentioned approaches [175] [176] [177] . Such efforts are a basis for understanding the underlying phenomena of histopathological tissue changes in disease, either for their early detection or for the development of novel therapies. Selectins have often been studied by AFM-based measurements in recent years [178] [179] [180] . They have attracted much interest in the biomedical community due to their involvement in inflammation and their role in the "rolling" action attributed to leukocytes during the leukocyte adhesion cascade. The latter is the subject of thorough research on nanodevices, increasing the "rolling" of cancer cells away from the tumour [181] [182] [183] [184] . Several research efforts elucidating the mechanisms of this rolling type of interaction have been performed over the last decade [185] [186] [187] . Although different strategies have been used to study these interactions (single molecule characterisation [131] , the kinetics of their interactions with leukocytes [188] , and cell adhesion forces [128] ), all of them have in common the search for interactionbased disease-related changes by AFM force measurements.
Single molecule measurements
Probably the most advanced study with AFM is the examination of single molecule behaviour in its natural environment [189] [190] [191] [192] . Huber and Sakmar reviewed recent advances in molecular and structural studies of G protein-coupled receptors, which are some of the most studied receptors in recent years due to their involvement in many biological functions [176, 193] . The mechanisms of their activity with regard to different circumstances on the molecular scale is still somewhat blurry, which is why AFM has often been employed to study the conformational, structural, and positional changes of these seven-trans-membrane domain receptors. There has been increased interest in the use of novel molecular techniques to study the behaviour of these proteins in their biological environments while exposed to different species from their signalling machineries [193, 194] . The latter shows how biochemical research is becoming increasingly exact and quantitative [193] . By decreasing the gap between molecular and systems biology, such efforts suggest a way forward from the flatlands to multi-dimensional quantitative data collection and an understanding of biological systems [193] . Single molecule AFM measurements can mainly be divided into studies of different interacting species (in either real or model systems), and the identification of novel molecules in their biological environment without damaging their native structure [66] . Dupres et al. addressed crucial challenges in modern cell biology that are mostly based on understanding how cell-surface molecules are organised and how these characteristics change due to the alternating conditions in the environment [195] [196] [197] .
Information regarding these two issues is central to our understanding of cell adhesion and pathogen interactions. The past years have witnessed rapid progress in the use of AFM to map the distribution of single polysaccharides and proteins on live cells and to measure their molecular interactions (Fig. 10) [194, 195] . Both types of measurement are attracting many researchers due to their importance in gaining further insight into the behaviour and response of biological molecules to environmental changes [196, 197] .
The astonishing power of AFM with regard to single molecule measurements was recently shown by Frei et al. [198, 199] . They used AFM to measure Au-N rupture forces using AFM in force spectroscopy mode together with conductance measurements in various amines. It was found that bond rupture force depends on the molecular backbone, which is in accordance with density functional theory-based adiabatic molecular junction elongation and rupture calculations [198, 199] (Fig. 11) . Such an approach not only shows that several additional measurements can be implemented in AFM by using force spectroscopy mode measurement to simultaneously gain additional insight into material/molecule characteristics, but it also indicates that novel research should search for answers by combining ideas from different fields of research.
Interaction mapping
One of the well-appreciated contributions of AFM to science in the last decade is its ability to probe the interaction forces between different molecules, particles, or surfaces [200] [201] [202] [203] . The limitation of this approach is the possibility to simulate or replicate the actual environment in which the measured interactions play a crucial role and therefore have a huge impact on the final product or on the desired information. Recently, high yield intracellular delivery has been one of the main targets of novel research in relation to targeted drug delivery. Therefore, many research groups have sought novel and more sophisticated ways to deliver drugs intracellularly [204] . Because this is a complex task, a great deal of interest has been focused on the study of interactions of the cell wall with different existing and newly developed particles or other delivery systems [204] . AFM is able to evaluate cell morphology and stiffness [205] [206] [207] . Additionally, it enables discrete forces to be applied to single cells and their constituents, while the responses are observed [158, 208] . It can be concluded that AFM has become a ubiquitous tool to image nanoscale structures and to estimate certain mechanical characteristics of biological entities, ranging from DNA to tissues [126, [209] [210] [211] . Van Vliet and Hinterdorfer reviewed recent advances in in situ investigations of drug-induced changes in cell structure, membrane stability, and receptor interaction forces [212] .
They reviewed the first attempts at AFM use in the progressive optimisation of delivery systems by testing them together with their targeted physiological structures (Fig. 12) . They suggest that although further efforts are needed to grasp all of the possibilities AFM introduces to research, a large portion of the initial problems have already been eliminated, thus allowing for world-changing research [212] .
Quantitative interaction mappings between species interacting in real systems form the basis for an understanding of their appearance [200, 213, 214] can be used to measure forces between adenine-coated tips and thymine-coated surfaces in order to develop the methodology to study the required forces for unfolding immunoglobulin [215] . In addition, they scanned albumin surfaces using an AFM tip with attached anti-human serum albumin via a polyethylene glycol linker. With the mentioned experimental set-up, they proved the existence of recognition between the antihuman serum albumin and serum albumin due to their interactions (Fig. 13) . When lysosome was bound on the antibody, the recognition disappeared again, which was clearly shown by means of AFM [215] . Several other studies base their interaction mappings upon using AFM tips with attached species of interest on one side and the other counterpart of the interacting pair on the other [216] [217] [218] .
Combinations of AFM with other methods
In recent years, there has been a tendency to combine the information that can be gathered with an AFM set-up with other known techniques, such as infrared spectroscopy (IR), nuclear magnetic resonance (NMR), thermal analysis (TGA), mass spectrometry (MS) and others [219] [220] [221] [222] [223] . Such combinations allow the assessment of additional information regarding locally confined properties of nanomaterials. Several research groups are making additions to the basic commercially available AFMs due to research specific measurements, requiring nonstandard components.
An interesting example is the use of AFM in determination of surface free energy, an important parameter in the calculation of interstitial phenomena. A great deal of effort has been put into the experimental assessment of this parameter, which could be combined with theoretical considerations [115, 224] . AFM was successfully used in combination with a contact angle-based technique for the determination of surface free energy by Traini et al. [225] [226] [227] .
Probably the most interesting recent evolution of AFM is the introduction of very fast scanning techniques, which allowed a real time visualisation of a walking myosin molecule and of membrane protein motion [192, 228, 229] , as well as visualising living cells in nanoresolution [230] [231] [232] .
Conclusions
The present review addresses the basic concepts of AFM measurements and the recent progress of AFM use in relation to biomedical applications. The technical aspects are summarised in a compact form, while theoretical considerations, which are not necessary for an understanding thereof, are omitted. The increasing number of research papers using AFM as a crucial part in the study of different phenomena indicates intensified scientific awareness of its capabilities.
As shown, AFM enables a vast range of research options. Its exemplary resolution and ability to measure forces in the pN range make it a valuable tool for analysis in relation to biomedical applications. 13 . A time course of events to illustrate force-recognition imaging. (a) An antibody to lysozyme tethered to the AFM tip is scanned in a liquid environment over a surface of immobilised lysozyme molecules. In this experiment, a low concentration of lysozyme is added to the liquid system. In I, the antibody on the tip has not bound free lysozyme and is reacting with surface-bound lysozyme molecules. This is clearly seen in (b) and part of (c), where recognition imaging is evident by the distortion of the images. In II, at the black arrow, the antibody on the tip has bound solution lysozyme and the image in part of (c) and all of (d) switches from recognition to topographic imaging. (Figure reproduced from [215] with permission.).
The amount of newly published work with AFM regarding novel drug discoveries, their delivery, or their relation to the tissue they try to mend is astonishing and heralds a bright future for AFMbased research in this area.
